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The state of electrons injected onto the surface of the Fermi sea depends on temperature. The
state is pure at zero temperature and is mixed at finite temperature. In the case of a single-
electron injection, such a transformation can be detected as a decrease in shot noise with increasing
temperature. In the case of a multi-electron injection, the situation is more subtle. The mixedness
helps the development of quantum-mechanical exchange correlations between injected electrons,
even if such correlations are absent at zero temperature. These correlations enhance the shot noise,
what in part counteracts the reduction of noise with temperature. Moreover, at sufficiently high
temperatures, the correlation contribution to noise predominates over the contribution of individual
particles. As a result, in the system of N electrons, the apparent charge (which is revealed via
the shot noise) is changed from e at zero temperature to Ne at high temperatures. It looks like
the exchange correlations glue up electrons into one particle of total charge and energy. This point
of view is supported by both charge noise and heat noise. Interestingly, in the macroscopic limit,
N →∞, the correlation contribution completely suppresses the effect of temperature on noise.
PACS numbers: 73.23.-b, 73.22.Dj, 72.10.-d, 72.70.+m
I. INTRODUCTION
The recent advances in creation1–10 and
characterization6,11–19 of single-electron wave-packets
prepare the basis for the engineering of multi-electron
quantum states.
The first steps in this directions were already done.
For instance, the wave spitter was used as a pas-
sive two-particle source.6,12,20–22 A dynamic quantum
dot1,11,13,16,23,24 and a Lorentzian voltage pulse6,25 were
used as an active multi-particle source.
Note also the theoretical proposals of multi-particle
sources. A two-electron source can be built from the
two quantum capacitors2,26,27 connected in series28–30
or combined with an interferometer31, or can be built
from a single helical quantum capacitor32,33. A quan-
tum point contact with a time-dependent transmission
can serve as a source of individual electron-hole pairs
on-demand.34,35 The most versatile multi-electron source
is supposed to be the source of levitons proposed in
Refs. 36–38 and experimentally realized in Ref. 6. This
source uses a Lorentzian voltage pulse with quantized flux
to generate excitations with an arbitrary integer charge
for periodic39–44 or random45 injection.
A distinctive feature of the multi-particle system in
comparison with a single particle is a possible presence of
quantum-exchange correlations between its constituents.
These correlations can be detected with the help of the
cross-correlation shot noise46,47 measured in the geom-
etry of the electron collider48,49, see Fig. 1. Notice the
close analogy with the famous in optics Hanbury Brown
and Twiss effect50, which was also observed with elec-
trons in mesoscopic conductors51–54.
In the present work I am interested in multi-electron
systems created on the surface of the Fermi sea. The
relevant source, for example, is based on quantum ca-
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FIG. 1: A multi-particle electronic state |N〉 emitted by the
source S and incoming to the wave splitter (a grey rectangle)
gives rise the two outgoing currents, I3 and I4. The correla-
tion function of these currents is used to gain information on
the incoming quantum state.
pacitors or is a source of levitons. The aim of the present
work is to emphasize that the correlations between the
particles composing an N -electron system depend on the
temperature of the underlying Fermi sea. To be definite,
I analyze in detail a multi-electron state generated by the
source of levitons.
At zero temperature, the Pauli exclusion principle
forces the electrons to be created in mutually orthogo-
nal states with no quantum-exchange correlations to be
present.40 However, as the temperature increases, the
state of electrons becomes mixed, and the correlations
between them develop. These correlations enhance the
shot noise compared to the one expected for individual
electrons. Since the latter contribution scales as N and
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2the former contribution scales as N2, the correlation shot
noise dominates for large N . Moreover, in the limit
of N → ∞, the correlation noise completely destroys
the suppression of shot noise with temperature, the phe-
nomenon, which was observed for single-particle25,55 and
two-particle25 injection.
As it is well known, the correlations are not an in-
trinsic property of a multi-particle quantum state, but
additionally they depend on the measurable of interest.
This is why, in addition to charge noise, I analyze heat
noise56–62, whose properties in the case a multi-electron
system were addressed in Ref. 63.
Heat noise demonstrates properties that are both dif-
ferent and similar from those of charge noise. In partic-
ular, in contrast to charge noise, the heat noise of N -
electron system shows correlations already at zero tem-
perature. On the other hand, at high temperatures, for
both charge noise and heat noise, the correlation contri-
bution to noise dominates for large N .
Furthermore, for both charge and heat noise, the high-
temperature asymptotics for multi-electron and single-
electron systems are the same. The latter fact allows us
to consider a multi-electron system at high temperatures
as an effective single particle. It looks like at high tem-
peratures the exchange correlations fuse up electrons into
one effective particle of total charge and energy.
The paper is organized as follows. In Sec. II the
shot noise of a general multi-electron system at zero and
nonzero temperatures is discussed. Sections III and IV
are devoted to a particular multi-electron system, an N -
electron leviton. Its charge and heat noise are considered
in detail. The conclusion is given in Sec. V. Some tech-
nical details are given in Appendix A.
II. SHOT NOISE IN TERMS OF THE
ELECTRONIC CORRELATION FUNCTION
The problem in question is the following. The electron
source emits periodically a multi-particle state, which is
divided into two outgoing states by the wave splitter.
In turn, these states give rise charge currents I3 and I4,
see Fig. 1. To access the possible correlations between
electrons of a multi-particle state I calculate the cross-
correlation function of these currents integrated over the
time difference τ and averaged over the emission period
T ,64,65
P34 = 1
2
∫ T
0
dt
T
∫ ∞
−∞
dτ
(1)〈
∆Iˆ3(t)∆Iˆ4(t+ τ) + ∆Iˆ4(t+ τ)∆Iˆ3(t)
〉
,
where ∆Iˆα(t) = Iˆα(t)−
〈
Iˆα(t)
〉
, α = 3, 4, is an operator
of current fluctuations. The angle brackets 〈. . . 〉 denote
a quantum-statistical average over the equilibrium state
of an incoming single-mode channel not affected by the
electron source. Such an equilibrium state is the Fermi
sea with a temperature θ and a chemical potential µ. It
is assumed that the other incoming channel of the wave
splitter is in the same equilibrium state, with the same
temperature θ and the same chemical potential µ.
Fluctuations of a current are commonly called noise.
Fluctuations of a current caused by partitioning of elec-
trons on a wave splitter are commonly called the shot
noise.66–69 For brevity, I call P34 the cross correlation
shot noise or simply the shot noise.
To characterize the quantum state emitted by the
source I use the excess first-order electronic correlation
function,70–72
G(1) (1; 2) = 〈Ψˆ†(1)Ψˆ(2)〉on − 〈Ψˆ†(1)Ψˆ(2)〉off , (2)
where Ψˆα(j) ≡ Ψˆα (xjtj) is a single-particle electron field
operator in second quantization evaluated at point xj and
time tj , j = 1, 2, after the source. The quantum statisti-
cal average 〈. . . 〉 has the same meaning as in Eq. (1) and
it is evaluated with the source switched on (the subscript
“on”) or off (the subscript “off”).
Since here I am interested in quantum exchange corre-
lations between electrons of a given multi-particle state,
I suppose that the states emitted during different periods
do not overlap with each other. This assumption allows
us to treat formally the integral over period in Eq. (1)
as an integral in infinite limits,
∫ T
0
dt → ∫∞−∞ dt. For
simplicity, I omit the infinite limits of time integration
below.
For the collider set-up, the quantities P34, Eq. (1), eval-
uated at the output, and G(1), Eq. (2), evaluated at the
input, are related to each other in a simple manner,73,74
P34
P0 = −
∫∫
dt1dt2
∣∣∣vµG(1) (t1; t2)∣∣∣2 . (3)
Here the constant P0 = e2T (1− T ) /T is interpreted as
the shot noise caused by scattering off the wave splitter
a single electron per period T at zero temperature. The
factor vµ, the velocity of an electron with Fermi energy,
comes from the normalization of a fermionic correlation
function. G(1) is the excess first-order electronic correla-
tion function evaluated just after the source. This is why
I drop the coordinates x1 = x2 and keep only the times
t1 and t2.
The equation above was obtained within the Floquet
scattering matrix approach under the following approxi-
mations. First, the wide band approximation was used.
This approximation implies that the Fermi energy µ is
the dominant energy scale. And second, the transmis-
sion probability T of the wave splitter is supposed to
be independent of energy (within the relevant energy in-
terval, which is of the order of the energy of injected
excitations).
3A. Zero temperature
At zero temperature, the particles emitted by the
source are in a pure quantum state. In this case, the
correlation function of a multi-particle state with N elec-
trons is represented as follows,40,75
vµG
(1)(t1; t2) =
N∑
j=1
Ψ∗j (t1)Ψj(t2), (4)
where the wave functions are chosen to be orthonormal,
∫
dtΨ∗j (t)Ψj′(t) = δjj′ . (5)
Here δjj′ is the Kronecker delta.
After substituting Eq. (4) into Eq. (3) we represent
the shot noise as a sum, P34 = Pind34 + Pcorr34 , where the
first term, Pind34 , is the shot noise caused by scattering of
individual electrons,
Pind34
P0 = −
N∑
j=1
∣∣∣∣∫ dt ∣∣Ψj(t)∣∣2∣∣∣∣2 . (6)
The second term, Pcorr34 , is an additional contribution to
noise due to possible correlations between electrons,
Pcorr34
P0 = −
N∑
j=1
N∑
j′ 6=j=1
∣∣∣∣∫ dtΨ∗j (t)Ψj′(t)∣∣∣∣2 . (7)
These correlations are quantified by the overlap integral
between different wave functions and they are detected
as a deviation of the noise from the expected sum of
individual contributions. In other words, the presence
of correlations between electrons is naturally detected as
non-additivity of the shot noise.
Actually, at zero temperature, there are no any cor-
relations. Using Eq. (5) we find, Pind34 = −NP0 and
Pcorr34 = 0. However, at nonzero temperatures this is not
so.
B. Nonzero temperatures
Nonzero temperatures modify the state of the particles
emitted by the source. Within the Floquet scattering ap-
proach, the excess correlation function of particles emit-
ted at nonzero temperatures can be expressed in terms
of the scattering amplitude of the source, Sin (t, E).
73
Of special interest is the source for which the depen-
dence of Sin on two variables, enenrgy E and time t, can
be expressed in terms of one variable E − ct. In such
a case, one can avoid explicit use of the characteristics
of the source and express the excess correlation function
at a nonzero temperature directly in terms of an excess
correlation function at zero temperature.76
The source of levitons, realized in Ref. 6, is an exam-
ple of such a source. Another example is the model of
Ref. 77. In this model, electron emission occurs when a
single quantum level, whose energy varies linearly with
time, crosses the Fermi energy. In particular, this model
describes a source based on a quantum capacitor when
it is driven by a time dependent sine wave excitation ap-
plied to a metallic top gate, as in Ref. 20.
In such a case, if the state emitted by the source at
zero temperature is described by Eq. (4), then the state
emitted at a nonzero temperature θ is described by the
following correlation function,
vµG
(1)
θ (t1; t2) =
N∑
j=1
∞∫
−∞
d
(
−∂f
∂
)
Ψ∗j,(t1)Ψj,(t2), (8)
where f () =
(
1 + e
µ+
kBθ
)
is the Fermi distribution func-
tion, kB is the Boltzmann constant.
The correlation function above tells us that the source
now emits particles that are not in a pure state. The jth
electron is now in a mixed quantum state with probabil-
ity density pθ () = −∂f/∂ and with component wave
functions Ψj,.
Substituting Eq. (8) into Eq. (3) we find, P34 = Pind34 +
Pcorr34 , where now the individual and correlation noise are
defined as follows,
Pind34
P0 = −
∞∫
−∞
dpθ()
∞∫
−∞
d′pθ(′)
N∑
j=1
Jj,j (, 
′) , (9)
and
Pcorr34
P0 = −
∞∫
−∞
dpθ()
∞∫
−∞
d′pθ(′)
N∑
j=1
N∑
j′ 6=j=1
Jj,j′ (, 
′) ,
(10)
with the overlap integral squared being
Jj,j′ (, 
′) =
∣∣∣∣∫ dtΨ∗j,(t)Ψj′,′(t)∣∣∣∣2 . (11)
Importantly, the component wave functions at different
energies,  6= ′, are not orthogonal any longer. As a
result, the correlation noise arises, Pcorr34 6= 0.
To be specific, on further on I focus on the source of
levitons.
4FIG. 2: The temperature dependence of a single-particle shot
noise, P34 = −P134, Eq. (13). The parameter kBθ∗ = EL/pi.
III. SHOT NOISE OF AN N-ELECTRON
LEVITON
A voltage pulse of the Lorentzian shape, eV (t) =
N2~Γτ
(
t2 + Γ2τ
)−1
, applied to an Ohmic contact of a
single-channel ballistic conductor, creates an N -electron
leviton of a time extent 2Γτ centered at t = 0 (and prop-
agating through the conductor with velocity vµ). It is
described by the correlation function of the form given
in Eq. (8) with the following set of N single-particle wave
functions,25,40,75,76,78
Ψj,(t) = e
−itµ+~ ψj (t) , j = 1, . . . , N,
(12)
ψj (t) =
√
Γτ
pi
1
t− iΓτ
(
t+ iΓτ
t− iΓτ
)j−1
.
I use the equation above in Eqs. (9) and (10) and calcu-
late noise.
The individual contribution is the same for all particles
at nonzero temperatures, as it was at zero temperature,
Pind34 = −NP134,
(13)
P134
P0 =
∞∫
−∞
dpθ()
∞∫
−∞
d′pθ(′)e
−|−
′|
EL ,
where EL = ~/ (2Γτ ) is the energy of a 1-electron
leviton38.
Importantly, the exponential factor in Eq. (13) is the
same for all the electrons constituting an N -electron levi-
ton. This is so, since the overlap integral Jj,j entering
Eq. (9) is independent of j. It depends only on the den-
sity profile, which is dictated by the shape of the voltage
pulse used to create a leviton.
The temperature dependence of P134 is shown in Fig. 2.
So, the individual contribution to noise decreases with
FIG. 3: The temperature dependence of the shot noise of
a 5-electron leviton. The individual contribution is given in
Eq. (13) with N = 5. The correlation contribution is defined
in Eqs. (10), (11), and (12) with N = 5. The dashed red
line represents the high-temperature asymptotics of the total
noise, see Eq. (14) with N = 5.
temperature.74 The corresponding characteristic temper-
ature depends on the time extent of the voltage pulse,
kBθ
∗ = EL/pi = ~/ (2piΓτ ).
Worth mentioning that the density profile does not
characterize fully a leviton. For instance, the energy of
an N -electron leviton is N2EL, not EL.63,79 However, the
decay of the individual contributions to shot noise with
temperature Pind, Eq. (13), does not reveal this energy.
This fact suggests that presumably the correlation noise
becomes dominant with increasing temperature. And in-
deed it is.
In Fig. 3 the noise of a leviton with N = 5 is shown.
It is clear, that rather rapidly with increasing tempera-
ture the correlation contribution to noise, Pcorr, Eq. (10),
predominates the individual contribution.
When considering the high-temperature noise asymp-
totics, the dominant role of correlations becomes even
more pronounced.
A. High temperatures
At kBθ  max (j, j′) EL, the overlap integral can be
approximated as follows, Jj,j′ (, 
′) ≈ 2ELδ (− ′). Note
that in this limit the overlap integral does not depend on
j, it is the same for j = j′ and for j 6= j′. In other words,
in the high-temperature limit the mixed state of any elec-
tron (of the system in question) becomes effectively the
same.
With this universal overlap integral, the shot noise,
Eqs. (9) and (10), is calculated rather trivially,
520 40 60 80
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FIG. 4: The temperature dependence of the shot noise
per particle of an N -electron leviton is shown for different
N = 1, 5, 10, 20 (from top to bottom). The dashed red lines
represent the corresponding high-temperature asymptotics,
see Eq. (14).
1
N
Pind34
P0 ≈ −
1
3
EL
kBθ
, kBθ  EL,
1
N
Pcorr34
P0 ≈ −
1
3
(N − 1) EL
kBθ
, kBθ  NEL, (14)
1
N
P34
P0 ≈ −
1
3
NEL
kBθ
, kBθ  NEL.
Here I show the noise per particle, P34/N , instead of
the total noise, P34, by two reasons. First, to empha-
size that the noise is not additive. Second, to show that
the high-temperature noise is reduced compared to zero-
temperature noise. At zero temperature the shot noise
per particle is simply −P0.
In the case of N = 5, the corresponding asymptotics is
shown in Fig. 3 as a dashed red line. In Fig. 4 I show the
temperature dependence of the shot noise (per particle)
of a leviton with different numbers of electrons, N . This
figure illustrates that with increasing N the crossover to
high-temperature behaviour occurs at higher tempera-
tures, in agreement with Eq. (14).
Equations (14) show that in the case of a large number
of particles, the high-temperature correlation noise dom-
inates, limN→∞ Pcorr34 /Pind34 ∼ N → ∞. As a result, the
noise becomes quadratic in the number of particles. Since
the noise in itself is quadratic in charge, P0 ∼ e2, one can
conclude that the high-temperature noise tells us about
the total charge, |P34|θNEL ∼ (eN)
2
. In contrast, the
zero-temperature noise tells us about the total number
of particles, |P34|θEL ∼ N6,55 or about the charge of
individual quasi-particles80,81.
Another important thing that we can learn from Fig. 3
is that there are two energy scales that determine the
temperature dependence of the noise. One of them,
(2N − 1) EL, is the Fermi energy of anN -electron leviton,
that is, the energy of a particle with an envelope wave
function ψN (with the largest number) from Eq. (12).
FIG. 5: The temperature dependence of the shot noise per
particle in the macroscopic limit, N → ∞. The individual
contribution is given in Eq. (13): limN→∞ Pind34 /N = −P134.
The correlation contribution is given in Eq. (15). The param-
eter kBθ
∗ = EL/pi.
The Fermi energy determines the crossover to the high-
temperature regime, see Eq. (14) and dashed red lines
in Figs. 3 and 4. The other energy, 2EL, is an analogue
of the level spacing for this multi-particle system. The
level spacing determines the low-temperature crossover
from individual to correlation noise, see the intersection
in Figs. 3 and 5.
B. The macroscopic limit
An interesting effect takes place at intermediate tem-
peratures, EL  kBθ  NEL with an increase in the
number of particles N . On one hand, the correlation
noise dominates there and it is expected to grow as N2.
On the other hand, the noise suppression is not strong
at these temperatures and one might expect that the
noise at a nonzero temperature can overcome the zero-
temperature noise, which grows only as N .
Actually this is a wrong expectation. The shot noise
at zero temperature sets the upper bound to the noise
caused by partitioning of an electron, regardless of
whether it is single or belongs to a multi-particle sys-
tem, like an N -electron leviton. And this upper bound is
perfectly reached in the macroscopic limit, N →∞. Let
us show this. In order to deal with finite quantities we
calculate the noise per particle.
The individual contribution to noise Pind34 , Eq. (13),
holds for any N . The correlation contribution in the
macroscopic limit is, (see Appendix A)
lim
N→∞
1
N
Pcorr34
P0 = −1 +
P134
P0 . (15)
Therefore, in the macroscopic limit, N → ∞, the
noise per particle is independent of temperature,
limN→∞ P34/N = limN→∞
(Pind34 + Pcorr34 ) /N = −P0.
6The total, individual, and correlation noise per particle
in the macroscopic limit are shown in Fig. 5 as a func-
tion of temperature. Interestingly, the low-temperature
crossover from individual to correlation noise is perfectly
hidden, since the measured noise, P34, does not change
at all at this temperature.
C. Experimental relevance
In principle, both low- and high-temperature regimes
are accessible in current day experiments. For instance,
in Ref. 25 the levitons with 2Γτ = 75ps were generated
at various temperatures, θ = 40mK, 90mK and 138mK.
For such excitations EL ≈ 320mK and the characteristic
temperature is θ∗ ≈ 100mK. From Fig. 2 we see that at
the lowest temperature, ∼ 0.4θ∗, a single-electron leviton
is in the low-temperature regime, where its properties are
almost not affected by temperature. At an intermediate
temperature, ∼ 0.9θ∗, the shot noise is reduced by ap-
proximately 30%. Therefore, we conclude that such a
temperature already has a significant effect on the state
of a leviton. From Fig. 4 (the topmost line) we see that at
the highest temperature used in Ref. 25, ∼ 1.4θ∗, the shot
noise of a single-electron leviton is approaching its high-
temperature asymptotics (see a corresponding dashed red
line).
The state of an N -electron leviton is also affected by
the temperatures in this range. In particular, we see
from Figs. 3 that for N = 5 the correlation noise exceeds
a single-particle noise at θ > 2.5θ∗ ≈ 250mK. This fact
tells us that at such high temperatures the states of the
individual particles composing a leviton are not orthog-
onal to each other (at zero temperature they are orthog-
onal to each other). With increasing N the temperature
of the crossover from individual to correlation noise be-
comes even smaller, ∼ 1.5θ∗ ≈ 150mK for N → ∞, see
the intersection in Fig. 5.
To observe a single-particle-like behaviour of an N -
electron leviton, which manifests itself in universal high-
temperature shot noise, Eq. (14), somewhat higher tem-
peratures should be used. In particular, for N = 5, 10,
and 20, the temperature should exceed ∼ 9EL(≈ 3K),
∼ 19EL(≈ 6K), and ∼ 39EL(≈ 12K), respectively, see
Fig. 4 and remember that EL = pikBθ∗.
IV. HEAT NOISE OF AN N-ELECTRON
LEVITON
In this section I consider the heat noise caused by the
scattering of an N -electron leviton off a wave splitter,
as shown in Fig. 1. The aim of this section is to show
the differences and similarities between charge and heat
noise.
In particular, in contrast to a charge noise, the heat
noise contains a correlation contribution already at zero
temperature. On the other hand, at high temperatures
both charge and heat noise can be interpreted as if they
are caused by one (indivisible) particle with total charge
and energy.
A. Heat noise in terms of the electronic correlation
function
The cross-correlation function of heat currents, PQ34 is
defined by Eq. (1), where the operator of a charge current
Iˆα is replaced by the operator of a heat current Iˆ
Q
α .
82,83
By analogy with a charge noise, Eq. (3), the heat noise
can be expressed in terms of the excess first-order elec-
tronic correlation function G(1) of the excitations gener-
ated by the source, as follows,84
PQ34
P0/e2 = −
∫∫
dt1dt2
(
−i~ ∂
∂t1
− µ
)
vµG
(1)(t1; t2)
(16)
×
(
−i~ ∂
∂t2
− µ
)
vµG
(1)(t2; t1).
In the case of an N -particle state, Eqs. (4), (8), heat
noise can be conveniently represented as the sum of in-
dividual and correlation contributions, PQ34 = PQ,ind34 +
PQ,corr34 , which are given by Eqs. (9) and (10), respec-
tively, but with P0 being replaced by P0/e2 and the over-
lap integral Jj,j′ (, 
′) being replaced by the following
overlap integral,
JQj,j′ (, 
′) =
∣∣∣∣∫ dtΨj′,′(t)(−i~ ∂∂t − µ
)
Ψ∗j,(t)
∣∣∣∣2 .
(17)
Importantly, the charge and heat noise are determined
by different overlap integrals.84 This is the mathematical
reason why their properties are different.
B. Zero temperature
At zero temperature, what matters is the overlap in-
tegral evaluated at  = ′ = 0. With the wave functions
from Eq. (12), the overlap integral becomes,
JQj,j′ (0, 0) = E2L
{
(2j − 1)2 δj,j′ + (j − 1)2 δj,j′±1
}
.
(18)
First of all, what we see from this equation is that dif-
ferent particles contribute differently to heat noise. As a
result, even individual contribution to heat noise is not
additive,
7PQ,ind34
P0/e2
= −E2L
N∑
j=1
(2j − 1)2 = −E2L
4N3 −N
3
. (19)
This is in contrast to charge noise, where the individual
contributions of different particles are the same. As a
result, the charge noise is additive.
This difference is rather trivial. The charge noise is
proportional to the charge (squared), which is the same
for all the particles. While the heat noise is proportional
to the energy (squared), which is different for different
particles: The energy of a particle with wave function
Ψj,=0, Eq. (12), is Ej = EL (2j − 1).
Another conclusion derived from Eq. (18) is that de-
spite the orthogonality of the different wave functions,
see Eq. (5), the correlation contribution to heat noise
does not vanish even at zero temperature,
PQ,corr34
P0/e2
= −E2L2
N∑
j=2
(j − 1)2 = −E2L
2N3 − 3N2 +N
3
.
(20)
This is in strike contrast with charge noise, which has no a
correlation contribution at zero temperature, Pcorr34 = 0,
see Eqs. (7) and (5). Such a difference is due to the fact
that the wave functions Ψj,, Eq. (12), describe single-
particle states with a fixed charge, but with a fluctuating
energy82 (the energy Ej , mentioned above, is the mean
energy). Therefore, in this case the orthogonality of the
wave functions does not by itself prevent the correlations
between the energies carried by the particles.
Curiously, despite the disagreement over the effect of
correlations, there is a certain consensus between the to-
tal charge and heat noise at zero temperature: The total
heat noise (the total charge noise) is proportional to the
product of the total energy, N2EL, (of the total charge,
Ne), and the energy of the topmost electron, (2N−1)EL,
(the charge of an electron, e).
Note that for single-particle states with a fixed energy,
when the time dependence of a wave function is purely
exponential, Ψ(t) ∼ e i~ t, the charge and heat overlap
integrals are proportional to each other, JQj,j′ ∼ Jj,j′ . As
a result, the correlation charge and heat noise would be
simultaneously either zero or nonzero.
Interestingly, in our case the charge and heat over-
lap integrals are proportional to each other in the high-
temperature limit, where the correlation contribution
to noise is dominant for both charge and heat noise.
However these overlap integrals depend on energy dif-
ferently. As a result, the charge noise decreases as 1/θ,
see Eq. (14), while, as we shall show below, the heat noise
increases as θ, as expected85–90.
C. High temperatures
At sufficiently high temperatures, namely at kBθ  Ej ,
the dominant contribution to heat noise comes from en-
ergies  ∼ kBθ. Therefore, while evaluating the overlap
integral JQj,j′ , Eq. (17), we differentiate only the phase
factor of the wave function Ψj,, Eq. (12), and obtain(
−i~ ∂∂t − µ
)
Ψ∗j,(t) ≈ Ψ∗j,(t). Differentiation of the
prefactor of the wave function ultimately would result
in the energy of a corresponding electron, Ej , which we
neglect. Then at kBθ  max (Ej , Ej′) the heat overlap
integral is expressed in terms of the electric overlap in-
tegral JQj,j′ (, 
′) = 2Jj,j′ (, 
′) ≈ 22ELδ (− ′). Using
this approximation we find at kBθ  NEL,
PQ,ind34
P0/e2 ≈ −N
pi2 − 6
9
ELkBθ,
PQ,corr34
P0/e2 ≈ −N (N − 1)
pi2 − 6
9
ELkBθ, (21)
PQ34
P0/e2 ≈ −
pi2 − 6
9
N2ELkBθ.
The individual contribution is the same for all particles,
so it is additive, that is, it is proportional to the num-
ber of particles N . The correlation contribution of each
pair of particles is the same, so it is proportional to the
number of pairs, N(N − 1).
Interestingly, the amount of noise associated with one
extra particle is proportional to the energy of this par-
ticle. In other words, when we add the Nth particle to
the system of N − 1 particle, the high-temperature heat
noise increases by a value proportional to (2N − 1)EL.
The predominant contribution here is due to correlation
noise.
Note that the total heat noise is of the form of the
heat noise of a single particle, in which the energy of a
single particle EL is replaced by the total energy of an
N -electron leviton, N2EL. This observation goes in line
with a similar observation for charge noise. This suggests
that at high temperatures the system of N electrons can
be regarded as one particle of total charge and energy.
V. CONCLUSION
The effect of temperature on the shot noise of a multi-
electron (N -electron) leviton is investigated. The physics
behind such an effect consists in the fact that the tem-
perature of the underlying Fermi sea affects the quantum
state of a leviton: While at zero temperate its elementary
constituents (i.e., electrons having an elementary charge
e) are created in a pure state, at finite temperature they
are created in a mixed state. The pure states are mu-
tually orthogonal, while the mixed states are not. The
8specific effect of orthogonality depends on the particu-
lar quantity of interest. As examples, the charge cross-
correlation noise and heat cross-correlation noise were
considered.
The charge noise behaves with temperature as fol-
lows. At zero temperature, the leviton’s elementary con-
stituents all are in mutually orthogonal states. As a re-
sult, each of them contribute independently to charge
noise. All individual contributions are the same, since
any electron carry the same charge e (the noise is pro-
portional to the charge squared). Therefore, the total
charge noise at zero temperature is proportional to the
number of leviton’s constituents N .
At a nonzero temperature, this is no longer the case.
The various components of mixed state of different elec-
trons are not orthogonal to each other. As a result, the
correlation contribution to noise arises. This contribu-
tion scales as N2, and for large N it becomes dominant
over the sum of individual contributions. So, at high
temperatures the charge shot noise is proportional to N2,
which is expected for the shot noise of an indivisible par-
ticle with charge Ne. The charge shot noise depends also
on temperature. Its decrease with temperature is due to
the mixedness of the quantum state.
The crossover from low- to high-temperature behavior
depends on N . For N = 1 the crossover temperature θ∗
is proportional to the energy of a single-electron leviton,
EL = ~/(2Γτ ), where 2Γτ is the duration of a leviton.
At higher N , the correlation contribution increases the
crossover temperature, since it enhances noise. Now the
crossover temperature is of the order of (2N−1)EL, which
is the energy of the topmost electron, the Fermi energy of
this multi-particle system. Moreover, at N →∞ the cor-
relation contribution fully compensates for the reduction
of single-particle noise with temperature.
The behavior of heat noise is different. Since the pure
quantum state of leviton’s constituents is a superposition
of states with different energies, already at zero tempera-
ture there is a correlation contribution to heat noise. For
large N , it is as large as half of the contribution of in-
dividual constituents. At high temperatures, in contrast
to charge noise, the heat noise grows with temperature.
The prefactor is proportional to N2, namely to the total
energy of a leviton.
Though the overall behavior of charge and heat noise
is different, they both seem to demonstrate that at high
temperatures the elementary constituents of a multi-
electron leviton become effectively fused together. As a
result, we see an effective single indivisible particle with
total charge Ne and total energy N2EL. Responsible
for this are the classical temperature-induced correlations
between the various components of the mixed state of the
multi-electron leviton.
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Appendix A: Shot noise of an N-electron leviton in
the macroscopic limit, N →∞
First, let us calculate the correlation noise Pcorr34 ,
Eq. (10), with wave functions Ψj, from Eq. (12) at fi-
nite N . And then take a limit N →∞.
For this purpose it is convenient to integrate out the
energies  and ′ in Eq. (10),
Pcorr34
P0 = −
∫∫
dt1dt2η
2
(
t1 − t2
τθ
)
J (t1, t2) ,
(A1)
J (t1, t2) =
N∑
j=1
N∑
j′ 6=j=1
ψ∗j (t1)ψj(t2)ψj′(t1)ψ
∗
j′(t2),
where η (x) = x/ sinh(x) and τθ = ~/ (pikBθ). The prod-
uct of four wave functions from the equation (12) depends
on the difference m = j − j′ rather than on j and j′ sep-
arately. This fact allows us to reduce the double sum to
a single sum,
J (t1, t2) = N 2Γ
2
τ
pi2
N−1∑
m=1
(
1− mN
)
Re [qm]
(t21 + Γ
2
τ ) (t
2
2 + Γ
2
τ )
,
(A2)
q =
(t1 − iΓτ )
(t1 + iΓτ )
(t2 + iΓτ )
(t2 − iΓτ ) .
In the macroscopic limit, N → ∞, one can ignore m/N
compared to 1 (accounting for this term leads to correc-
tions ∼ 1/N).
To evaluate the resulting sum, I proceed as follows. I
introduce the time difference, τ = t1 − t2, and note that
q 6= 1 for τ 6= 0. In this case the sum in Eq. (A2) can
be evaluated as limN→∞
∑N−1
m=1 Re [q
m] = Re
[
q
1−q
]
. We
can use this result in Eq. (A2) and evaluate the integral
in Eq. (A1) for any τ 6= 0.
In contrast, for τ = 0 we have q = 1 and the result
above diverges, indicating that formally we cannot use it.
Despite the fact that this divergency is integrable, that is,
Eq. (A1) remains finite, we cannot rule out the possibility
of existence of an additional contribution arising solely
for τ = 0. Such a contribution, if it exists, manifests itself
as a singularity, ∼ δ (τ), in the sum over m in equation for
the overlap integral J (t1, t2), Eq. (A2). So, the overlap
integral can be represented in the general form as follows,
9lim
N→∞
1
N
J (t1, t2) = αδ (τ)
(t2 + Γ2τ )
2 (A3)
− Γτ
pi2τ
Im
[
1
(t1 + iΓτ ) (t2 − iΓτ )
]
,
where t = (t1 + t2) /2 is the mean time and the constant
α to be determined. If we would find that α = 0, then
it would mean, that there is no a singular contribution.
However, as I show below, α 6= 0 in the present case.
Now I substitute Eq. (A3) into Eq. (A1), integrate out
the mean time t = (t1 + t2) /2, and get the correlation
noise per particle,
lim
N→∞
1
N
Pcorr34
P0 = −
αpi
2Γ3τ
+
2Γτ
pi
∫
dτ
η2
(
τ
τθ
)
τ2 + 4Γ2τ
.
(A4)
Note, the singular term in Eq. (A3) results in a con-
tribution, which is independent of temperature. There-
fore, to evaluate the constant α, I can use the correlation
noise at zero temperature, which was already calculated.
According to Eqs. (7) and (5), at zero temperature the
correlation noise vanishes for any N . At θ = 0, when
η (τ/τθ) = 1, the equation above is nullified if α = 2Γ
3
τ/pi.
Easy to check that the second term on the right hand
side of Eq. (A4) is exactly the same as P134/P0, given in
Eq. (13). Therefore, Eq. (A4) is nothing but Eq. (15).
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